The irreversible G 1 arrest in senescent human diploid fibroblasts is probably caused by inactivation of the G 1 cyclin-cyclin-dependent kinase (Cdk) complexes responsible for phosphorylation of the retinoblastoma protein (pRb). We show that the Cdk inhibitor p21 Sdi1,Cip1,Waf1
Human diploid fibroblasts (HDF) have a finite proliferative lifespan, at the end of which they are unable to enter S phase in response to mitogenic stimuli. Senescent HDF are also enlarged and flattened and synthesize an altered repertoire of cell-type-specific proteins, suggesting that they have differentiated as well as aged (5) . Serum-stimulated senescent HDF fail to phosphorylate the retinoblastoma protein (pRb) (51) , an event that is necessary for the release of E2F transcription factors that promote the expression of late G 1 genes whose products are required for S-phase initiation and progression (39, 55) . The inhibition of DNA synthesis in senescent nuclei can be overcome by factors or treatments that block or inactivate the inhibitory activity of pRb and its family of related proteins. For example, transfection or microinjection of simian virus 40 (SV40) T antigen into senescent HDF induces DNA synthesis, but this effect is lost when SV40 T antigen deficient in pRb binding is used (22) . These data suggest that failure to phosphorylate pRb is a key mechanism for the cell cycle arrest of senescent cells.
Phosphorylation of pRb during G 1 phase is carried out by cyclin D-Cdk4 and cyclin D-Cdk6 (cyclin D-Cdk4/6) and cyclin E-Cdk2 complexes (44, 50, 55) . In quiescent young HDF, cyclin D1 and cyclin E are present in low amounts, but upon serum stimulation both their expression and their associated kinase activities increase during the mid and late G 1 phases, respectively (14, 50) . In contrast, we have shown previously that although serum-stimulated senescent HDF (IMR90) have abundant cyclin E-Cdk2 complexes, they lack cyclin E-associated kinase activity, a finding consistent with their failure to phosphorylate pRb (14) . Regulation of Cdk2 activity by activating (Thr-160) and inhibiting phosphorylations (Thr-14, Tyr-15) did not account for the lack of cyclin E-Cdk2 kinase activity in senescent cells, i.e., even though approximately one-half of the cyclin E-associated Cdk2 was phosphorylated on Thr-160, treatment with Cdc25 phosphatase to dephosphorylate Thr-14 and Tyr-15 did not increase activity. The finding that senescent HDF contain elevated amounts of the ubiquitously acting cyclin-dependent kinase inhibitor (CKI) p21
Sdi1,Cip1,Waf1 (p21) (40) suggested instead that cyclin E-Cdk2 complexes in senescent cells might be inactivated by increased binding of p21. However, this hypothesis was not tested directly.
In contrast to cyclin E-Cdk2, formal evidence that cyclin D1-Cdk4/6 complexes are inactive in senescent HDF is still missing. Although the absence of phosphorylated pRb (as based on sodium dodecyl sulfate-polyacrylamide gel electrophoresis [SDS-PAGE] mobility shift assays supported this notion, new data imply that cyclin D1 mediates pRb hypophosphorylation, which cannot be monitored by SDS-PAGE (18) . This raised the possibility that cyclin D1-Cdk4/6 might still be active in senescent cells. On the other hand, recent results indicate that p16 Ink4a (p16), which acts as an inhibitor of cyclin D-associated kinase activity by sequestering Cdk4/6 (47), increases dramatically at the end of the lifespan in HDF, concomitant with a decline of p21 (1, 21) . Because most of the Cdk4/6 in senescent HDF was associated with p16 rather than p21, these results suggested that p16 might be the principal inhibitor of Cdk4/6-associated kinase activity. However, the actual effect of elevated p16 on cyclin D-Cdk4/6 complex formation was not examined.
Both p21 and cyclin D interact with proliferating cell nuclear antigen (PCNA), an auxiliary factor for DNA polymerases ␦ and ε that is essential for DNA replication and repair (58) . In vitro, p21 binds to PCNA and inhibits DNA replication (54) , but this effect was not seen in vivo in cells induced to express p21 (36) . In contrast, ectopic expression of a p21 mutant defective in Cdk2 binding resulted in G 1 and G 2 arrest provided that p21 retained the ability to bind PCNA (6) . Acute overexpression of cyclin D1 also blocks cells in G 1 phase. This inhibition could be reversed by increasing the amount of PCNA, suggesting that cyclin D1 acts as an inhibitor by binding to PCNA and keeping it in an inactive form (42) . Taken together, these data raise the possibility that inhibition of PCNA by p21 and/or cyclin D1 may block entry into S phase.
To understand better the role of p21 and p16 in cellular senescence, we addressed the following questions. (i) Is binding to p21 sufficient to account for the inactivation of cyclin E-Cdk2 complexes in senescent HDF? (ii) Do senescent HDF also lack cyclin D-associated kinase activity? (iii) Is p16 accumulation sufficient to prevent cyclin D1-Cdk4/6 complex formation in senescent cells or does p21 also play a role in the inactivation of these complexes? (iv) Finally, do p21 and/or cyclin D1 bind to PCNA in senescent cells? We also investigated how aging affects the mechanism for quiescence in HDF and whether the elevation of p16 in senescent cells could be part of a differentiation program that is turned on at senescence.
MATERIALS AND METHODS
Cell culture and markers of the senescent phenotype. IMR90 human fetal lung fibroblasts were seeded at 6,700 cells/cm 2 in EF medium, which is a 1:1 mixture of Eagle minimal essential medium and F-12 plus 10% serum (53), fed after 7 days, and analyzed after 14 days. For experiments involving serum stimulation with EF plus 10% serum, quiescent and senescent cells were preincubated for 4 days in EF-0.1% serum. DNA synthesis (percent labeled nuclei) was determined by autoradiography of cells labeled with [ 3 H]thymidine for 24 h. Relative cell volume was calculated from the volume of the pellet formed by 4 ϫ 10 6 freshly trypsinized cells centrifuged at 100 ϫ g for 5 min. Results were consistent with the cell volume calculated on the basis of cell diameter in a hemacytometer. Senescence-associated ␤-galactosidase activity was determined by the method of Dimri et al. (13) .
Immunoprecipitations and immunoblot analysis. Preparation of whole-cell lysates from frozen cell pellets, conditions for immunoprecipitation, histone H1 kinase assays, and immunoblotting have all been described previously (14) . For p21 depletion, total cell extracts (usually 200 g) were incubated with saturating amounts of p21-specific antibodies (2 h), whereas mock samples were incubated with protein A-Sepharose beads only. The resulting supernatants were analyzed by immunoblotting and/or used for further immunoprecipitation with cyclinspecific antibodies (see Fig. 2B ). When both immunoprecipitating and immunoblotting antibodies were generated in the same species, the immunocomplexes were not boiled but only incubated in the Laemmli SDS-PAGE sample buffer at 37°C (15 min), and horseradish peroxidase (HRP)-conjugated ImmunoPure protein A/G (Pierce) was used for detection. Proteins were visualized by enhanced chemiluminescence (ECL; Amersham) and quantitated by densitometry (Shimadzu CS-930 scanner; Adobe Photoshop software).
In some cases (see Fig. 2 ) the same immunoprecipitates were used both for the determination of histone H1 kinase activity and for the immunoblot detection of various components. This was accomplished by a controlled partial transfer of SDS-12% PAGE gels. The resulting membrane was then used for immunoblot analysis with the indicated antibodies, whereas the gel was stained with Coomassie blue and dried and the histone H1 bands were excised and Cerenkov counted as described previously (14) .
Antibodies. Most of the primary antibodies used in this study were described previously (15, 16) . In addition, we have used anti-Cdk4 (sc-601 and sc-260), anti-Cdk6 (sc-177), anti-p16
Ink4a (sc-468), and anti p57 Kip2 (sc-1040) from Santa Cruz Biotechnologies; anti-p21
Cip1 rabbit antiserum generated against bacterially produced p21 (16) , generously provided by Steve Reed's laboratory (The Scripps Research Institute, La Jolla, Calif.); anti-p27 Kip1 (K25020; Transduction Laboratories); anti-PCNA (ab-1; Oncogene Science); and anti-pRb-P-Ser780 (30) , generously provided by Yoichi Taya (National Cancer Center Research Institute, Tokyo, Japan). Secondary antibodies were anti-mouse and anti-rabbit immunoglobulin G HRP conjugates (Promega).
RESULTS AND DISCUSSION
Effect of aging on the mechanism for quiescence in IMR90 HDF. To understand how normal HDF make the transition from a reversible quiescent arrest to an irreversible senescent arrest, we aged IMR90 HDF according to a set protocol, whereby they were seeded at a constant cell density, fed after 1 week, and harvested after 2 weeks. Regardless of their age, the cells were arrested at the end of the 2-week period (Fig.  1A) . Initially, the cells were reversibly arrested at high cell density with a high amount of the p27
Kip1 inhibitor of CKIs, as expected from the known association of p27 with high-celldensity arrest (9) . As the cells aged, their density at quiescence declined and consequently so did their amount of p27 (Fig.  1B) . In contrast, the related CKI p21
Sdi1,Cip1,Waf1 increased with age (1, 40) . (The third related CKI, p57 Kip2 , is not readily detectable in IMR90 [data not shown]). Because p21 and p27 can bind to and inactivate common G 1 cyclin-Cdk targets, their reciprocal relationship in aging HDF suggests that as p21 increases, less p27 is required for the cells to become arrested, and consequently they achieve quiescence at progressively lower cell densities. Thus, we are proposing that the decline in p27 and cell density at quiescence are joint consequences of the age-related increase in p21. In addition, because the accumulation of p27 at quiescence is reversible by subcultivation or serum stimulation (see Fig. 3 ), whereas the age-related increase in p21 is not, the quiescent cell cycle arrest becomes progressively less reversible (Fig. 1A , %LN-Stim) as the p21 level increases and the p27 level declines. Hence, the mechanism for the quiescent cell cycle arrest is constantly changing as the cells age until they become irreversibly arrested with high p21 and low p27 levels.
p21 and p16 exhibit different dynamics of accumulation in senescent HDF, but G 1 arrest correlates with p21 accumulation. Although senescence of HDF is strongly correlated with the accumulation of p21, this is probably not the only factor involved in the cell cycle arrest because the amount of p21 declines after the cells achieve senescence, whereas the amount of the CKI p16
Ink4a increases and remains elevated for at least 2 months (Fig. 1B and C [1, 21] ). Thus, senescence is not a static condition, particularly in its early phases, which is important to know when results from different experiments are compared. This may explain why we observed variable amounts of p21 and p16 in our early senescent cultures (cf. Fig.  1B with Fig. 3 , 4, and 6). Nevertheless, when IMR90 were harvested at the first signs of senescence and their labeling index was Ͻ5% after serum stimulation, these cells had an exceptionally high amount of p21 but almost no increase in p16 (see Fig. 3 , Sen), implying that an increase of p21 alone may be sufficient to arrest IMR90 in the early stage of senescence. Moreover, this result is consistent with the known ability of a high p21 level to arrest cells in G 1 phase after DNA damage (15, 17) .
Coordinate increase of p16 and markers of senescent cell differentiation. When HDF become senescent, they also become differentiated in a number of ways, including dramatic changes in their morphology and size (2), expression of a neutral senescence-associated ␤-galactosidase activity (SA-␤-Gal) (13) , and altered expression of genes that affect the production and remodeling of the extracellular matrix, such as fibronectin, procollagen ␣1(I) and ␣2(I), collagenase, stromelysin, and the tissue inhibitor of metalloproteinases (31, 37, 56) . If these changes were induced by an exogenous agent rather than by aging, the simplest interpretation would be that the cells had been induced to differentiate. Because p16 also increases abruptly once the cells become senescent, we hypoth-esized that its accumulation might be part of a putative differentiation program that is turned on in senescent cells. To test this possibility, we examined two of the differentiated characteristics of senescent HDF, cell volume and SA-␤-Gal activity, and found that they increased coordinately with each other and with p16 at the end of the lifespan (Fig. 1C) . Thus, these data support the possibility that the upregulation of p16 in senescent cells is part of their differentiated phenotype. Interestingly, p16 is also increased in association with the terminal differentiation of neuronal cells (34) . To simplify further discussion of the mechanisms for senescence, we will refer to cells with significantly elevated amounts of p16 as being in the late stage of senescence (LS in figures).
A senescence-like arrest and differentiation of young HDF can be induced by ectopic expression of p16, p15
Ink4b , p21, or p27 (29, 35) , as well as by treatment with various DNA-damaging agents that cause a dramatic increase in p21 (8, 12, 15, 17, 45) . These results suggest that a sustained G 1 arrest in conjunction with mitogenic stimulation may induce the senescent phenotype regardless of which CKI is used to accomplish the cell cycle arrest. Although ectopically expressed p16 is elevated in young HDF before other markers of senescence are induced (35) , this does not argue against our hypothesis that in unperturbed cells, the accumulation of p16 may be coregulated with other markers of senescence-like differentiation. Likewise, the induction of senescence through ectopic expression of a single CKI does not mean that endogenous expression of another CKI is not also necessary. To learn more about the relative contributions of p21 and p16 to the senescent cell cycle arrest, we carried out a detailed analysis of the effects of these two CKIs on the G 1 cyclin-Cdks in senescent cells.
p21 inhibits cyclin E-Cdk2 kinase activity in senescent HDF. We have shown previously that senescent IMR90 accumulate inactive cyclin E-Cdk2 complexes (14) . Consequently, we investigated whether increased binding of p21 to cyclin E-Cdk2 accounts for the lack of activity of these complexes. Figure 2A shows that cyclin E immunoprecipitates from serum-stimulated senescent HDF do indeed contain more p21 than do cyclin E complexes from comparably treated young HDF. Next, we wanted to determine whether the age-dependent p21 accumulation results in an increase in the fraction of cyclin E-Cdk2 associated with p21, thereby inactivating these complexes, or whether additional p21 binds to already existing p21-cyclin E-Cdk2 complexes leading to their inactivation, as implied by the stoichiometric theory (57) . To this end, we incubated cell lysates with p21-specific antibodies to deplete them of p21 and its associated proteins (Fig. 2B) . In senescent cells, almost all of the cyclin E and cyclin E-bound Cdk2 were removed by p21 depletion, implying that they were associated with p21 (Fig. 2C) . In contrast, in young serum-stimulated cells, one-half of the cyclin E-bound Cdk2 was not removed by p21 depletion. Most importantly, p21 depletion did not affect the amount of histone H1 kinase activity in cyclin E immunoprecipitates (Fig. 2C) , implying that all cyclin E-Cdk2 kinase activity resides solely in complexes that are "p21 free." Since all of the potentially active cyclin E-Cdk2 complexes in serumstimulated senescent HDF are bound to p21, these data show clearly that binding to p21 is sufficient to account for their inactivation.
Initially, it was surprising to find that only p21-free cyclin E-Cdk2 complexes are active because earlier studies reported that p21 is associated with both active and inactive Cdk2 complexes from replicating cells (24, 57) . However, two other studies have found recently that only p21-free cyclin E-Cdk2 complexes are active, lending support to our conclusions (3, 43) .
All p21-bound cyclin A-Cdk2 complexes are inactive. The aforementioned p21-associated Cdk2 kinase activity could reflect only the activity of cyclin A-Cdk2, which is considerably greater than the activity of cyclin E-Cdk2 (14) . To test this possibility, we investigated whether association with p21 also results in inactivation of cyclin A-Cdk2. As shown in Fig. 2C (lower panel), complete p21 depletion removes a significant fraction of cyclin A-Cdk2 complexes in serum-stimulated young cells, but it does not diminish the amount of associated histone H1 kinase activity, indicating again that only p21-free complexes are active. In agreement with this, p21 immunoprecipitates prepared from stimulated young IMR90 at 10 h (mid G 1 ) and 20 h (S-G 2 ) had little or no histone H1 kinase activity, a finding comparable to precipitates obtained with nonspecific preimmune antisera and much less (Ͻ70-fold) than cyclin A immunoprecipitates (Fig. 2D) . To strengthen the validity of this conclusion, three different p21-specific antisera, which precipitated p21 equally well, were employed, and the resulting immunoprecipitates were shown to contain almost as much Cdk2 as the cyclin A immunoprecipitates (Fig. 2D) . Furthermore, the kinase activity was measured during the linear part of the reaction. Recently, we also showed that cyclin A-asso- ciated kinase activity from Hs68 HDF in late G 2 phase is the same both before and after p21 depletion (16) . In summary, our data imply that both cyclin A-Cdk2 and cyclin E-Cdk2 complexes are invariably inactive when associated with p21 and thus disagree with the earlier results showing that p21 can be associated with active Cdk2 complexes in vivo (24, 57) . Senescent HDF lack cyclin D1-Cdk4 mediated phosphorylation of pRb-Ser-780. Although activity of cyclin E-Cdk2 is necessary for cells to enter S phase (41), cyclin D1-Cdk4 appears to be the critical kinase responsible for pRb phosphorylation in mid G 1 , prior to the activation of cyclin E-Cdk2 (44) . Therefore, it is important to ascertain whether this kinase is still active in senescent HDF. Because in vitro-measurable cyclin D1-associated pRb kinase activity is very low even in extracts of young HDF (unpublished results), we could not address this question directly, and so far no one has reported a decrease in senescent cells based on this assay.
Our previous results implied that cyclin D1-Cdk4/6 is inactive in serum-stimulated senescent cells because they lack phosphorylated pRb, as judged by SDS-PAGE mobility shift assays (51) . However, Ezhevsky et al. (18) reported recently that during early G 1 , cyclin D1-Cdk4/6 complexes can hypophosphorylate pRb in a manner that does not cause a mobility shift. Consequently, we took advantage of an antibody that specifically recognizes pRb phosphorylated at Ser-780 to further assess cyclin D-associated kinase activity in senescent cells. In vitro, the pRb-Ser-780 site is phosphorylated exclusively by cyclin D1-Cdk4/6 kinase complexes, and in vivo the same site is phosphorylated in early G 1 , coincident with the upregulation of Cdk4 and prior to the activation of Cdk2 (30) . Moreover, Kitagawa et al. (30) showed that E2F1 immunoprecipitates do not contain any pRb phosphorylated on Ser-780, suggesting that phosphorylation at this site may be necessary for the release of E2F1. Although other sites in pRb (especially Ser-795 and Ser-788) are also phosphorylated preferentially by cyclin D1-Cdk4 complexes (10), phosphorylation of pRb-Ser-780 should be indicative of the presence of cyclin D1-associated kinase activity. Indeed, our data indicate that although phosphorylated pRb-Ser-780 is abundant in serum-stimulated young cells, it is completely absent in comparably treated senescent cells, implying that they lack cyclin D1-associated kinase activity (Fig. 3) . This occurs in spite of an abundance of cyclin D1 in both the early (high p21, low p16) and late (high p16, moderate p21) stages of senescence.
Interestingly, we have repeatedly observed that late senescent cells have significantly less pRb than early senescent cells or unstimulated young cells (Fig. 3) . This may correlate with the rise in p16 in late senescent cells, since other studies have suggested that pRb negatively regulates p16 expression (33).
FIG. 2. All in vivo p21
-bound cyclin-Cdk2 complexes are inactive. Extracts were prepared from young quiescent IMR90 (0 h) and serum-stimulated young and senescent IMR90 (16 h). (A) Western blot analysis of cyclin E, Cdk2, p27, and p21, in cyclin E immunoprecipitates (I.P.) from total cell extracts. Arrows indicate isoforms of Cdk2. (B and C) Protocol and results, respectively. Cell extracts were immunodepleted of p21 by incubation with saturating amounts of p21-specific antibodies (ϩ) or mock-treated with protein A-Sepharose (Ϫ). Supernatants, mock-treated and depleted of p21, were immunoblotted for p21, cyclin E, and cyclin A and used for the preparation of cyclin E and cyclin A immunoprecipitates, which were analyzed for their Cdk2 content and histone H1 kinase activity. (D) Histone H1 kinase activity of cyclin A and p21 immunocomplexes. Nonspecific antisera, cyclin A, and p21 immunoprecipitates were assayed for both histone H1 kinase activity and cyclin A, Cdk2, and p21 content as described in Materials and Methods. The arrow labeled "P" denotes the T160-phosphorylated (activated) Cdk2 isoform. Note that cyclin E binds to both forms of Cdk2, whereas cyclin A binds only the activated form of Cdk2. p16 accumulation in late senescent HDF affects predominantly formation of cyclin D1-Cdk6 complexes. In contrast to p21 and p27, which bind to cyclin D-Cdk complexes, p16 binds exclusively to Cdk4/6, thus preventing their association with cyclin D (47, 50) . Therefore, low cyclin D1-associated kinase activity in senescent HDF could result from a diminution of cyclin D1-Cdk4/6 complexes owing to the drastic p16 accumulation, as proposed earlier by Alcorta et al. (1) . However, these authors did not directly analyze cyclin D1 complexes. Therefore, we investigated whether increased binding of Cdk4 and Cdk6 by p16 actually results in a decrease in the amount of cyclin D1-Cdk4/6 in late senescent IMR90. After serum stimulation, the amount of Cdk6 complexed to cyclin D1 is approximately equal in young and early senescent cells, but it is greatly decreased in late senescent cells, which have high amounts of p16 (Fig. 4A , Cyc D1 I.P.). Concurrently, the amount of Cdk6 associated with p16 is highest in the late senescent cells (Fig. 4A, p16 I.P.) . Thus, in these cells, elevated p16 strongly inhibits cyclin D1-Cdk6 association. However, it is important to note that early senescent cells, which still have abundant cyclin D1-Cdk6 complexes, are arrested in the cell cycle and lack the cyclin-D1-mediated phosphorylation of pRb.
In contrast to the dramatic decrease in cyclin D1-Cdk6 complex formation, cyclin D1-Cdk4 complexes are still relatively abundant in late senescent cells. In spite of the strong accumulation of p16, there was only a twofold increase of p16-bound Cdk4 in late senescent versus early senescent cells, and cyclin D1-Cdk4 complexes decreased by only 20 to 50% (cf. Fig. 4A and B) . Hence, our data indicate that elevated p16 only partially prevents cyclin D1-Cdk4 association and therefore is not sufficient to account for a lack of Cdk4 kinase activity, even in late senescent IMR90.
To understand better the quantitative relationships between cyclin D1, Cdk4, Cdk6, p16, and p21 in young versus late senescent cells, we examined what proportion of the total pool of each of these proteins was associated with each of the other components. (Because p21 can also associate with cyclin ECdk2, we included these molecules in our analysis as well and found that only a small fraction of total p21 is present in cyclin E immunoprecipitates [Fig. 4B]) . To accomplish this goal, we immunoprecipitated p21, p16, Cdk4, Cdk6, cyclin D1, and cyclin E complexes (separately, not sequentially) from equal amounts (150 g) of cell extracts prepared from serum-stimulated young (Y) and late senescent (LS) IMR90 cells and analyzed all of the immunoprecipitates simultaneously by immunoblotting (Fig. 4B) . In this way, the intensity of the bands produced in the horizontal strips blotted with a given antiserum are proportional to the same amount of starting material in each lane. Thus, by examining the cyclin D1 Western blot we see both the total amount of cyclin D1 (lanes 9 and 10 in Y and LS cells, respectively) and also what proportion of that total is associated with p21 (lanes 1 and 2), p16 (lanes 3 and 4), Cdk4 (lanes 5 and 6), and Cdk6 (lanes 7 and 8) in those cells. Since this analysis assumes that each protein was efficiently precipitated by its own antiserum, we carried out a parallel Western blot analysis of the resulting supernatants (data not shown) and found efficiencies of Ͼ95%, except in the cases of Cdk4 (75%) and cyclin E (60%). Figure 4B clarifies the following issues regarding the role of p16 in senescence. (i) The Cdk4 immunoblot shows that in young cells similar amounts of Cdk4 are bound to cyclin D1 and p16, whereas in late senescent cells more Cdk4 is associated with p16 than with cyclin D1. Nevertheless, 25 to 35% of the total Cdk4 is still associated with cyclin D1 in late senescent cells versus approximately 50% in young cells, even though p16 is increased at least fourfold in the late senescent cells. (ii) In contrast, the Cdk6 immunoblot shows that even in young cells almost all of the Cdk6 is associated with p16. Consequently, only a small fraction of total Cdk6 is associated with cyclin D1 in young cells. In late senescent cells, there is more Cdk6, but it is virtually all sequestered by p16, and thus there is a negligible amount of Cdk6 complexed to cyclin D1. (iii) The p16 immunoblot shows further that less than one-half of the total p16 in LS cells is associated with either Cdk4 or Cdk6. These results suggest that either p16 binds Cdk4 inefficiently in vivo or that 16 has another function in senescent cells which competes with its ability to sequester Cdk4. Although p19
Ink4d
, a CKI related to p16, can form ternary p19-cyclin D-Cdk4 complexes in vitro (26), we find no evidence for comparable p16-cyclin D1-Cdk4 in vivo, i.e., there is no association between cyclin D1 and p16 in young or late senescent cells. Thus, our data indicate clearly that the strong p16 increase in late senescent cells only partially affects cyclin D1-Cdk4 association.
The persistence of cyclin D1-Cdk4 complexes in senescent HDF suggests that additional mechanisms are required for their inactivation in both early and late senescent cells. Interestingly, Serrano et al. (49) showed that ectopic expression of oncogenic ras (V12) in human fibroblasts led to a senescencelike arrest that included an increase of both p16 and p21, and yet coexpression of cyclin D1 and a p16-insensitive form of Cdk4 did not prevent this ras-induced arrest. Thus, the latter cells achieved a senescence-like arrest even though they presumably contained abundant cyclin D1-Cdk4 complexes.
p21 is associated with almost all cyclin D1-Cdk4/6 complexes in senescent HDF. Because senescent IMR90 have abundant, but apparently inactive, cyclin D1-Cdk4 complexes, we investigated the possibility that these complexes are inhibited by p21. Indeed, the relative amount of p21 associated with cyclin D1 is increased in senescent cells, whereas p27 is decreased (Fig. 5A ). In addition, p21 depletion experiments demonstrate that the majority of cyclin D1-Cdk4 and all cyclin D1-Cdk6 complexes in senescent cells are associated with p21 (Fig. 5B) . In contrast, "p21-free" cyclin D1-Cdk4/6 complexes are more abundant in serum-stimulated young cells. Although these results suggest that p21-free cyclin D1-Cdk4/6 complexes may be responsible for cyclin D1-associated pRb kinase activity, other studies have indicated that cyclin D1-Cdk4/6 complexes associated with one molecule of p21 are active, whereas binding an additional molecule(s) of p21 inhibits activity (32, 57) . In either case, our data show that relatively more p21 is bound to cyclin D1-Cdk4/6 complexes in senescent cells than in young cells, suggesting that p21 probably plays a role in inhibiting cyclin D1-Cdk4/6 kinase activity in senescent cells. This result is consistent with the recent finding that HDF completely lacking p21 have an extended lifespan that ends in crisis rather than senescence in spite of elevated p16 levels (4). Early senescent cells accumulate p21-PCNA-cyclin D1-Cdk complexes. In contrast to an earlier report that senescent HDF lack PCNA mRNA (7), we found that early senescent IMR90 contain as much PCNA protein as young stimulated cells (Fig.  6A) . On the other hand, the amount of PCNA protein is decreased substantially in late senescent cells, a finding consistent with a decline in PCNA mRNA at that stage of senescence. As a unifying hypothesis, we suggest that PCNA may FIG. 4 . Persistence of cyclin D1-Cdk4/6 complexes in senescent HDF. (A) Western blot analysis of cyclin D1, Cdk2, Cdk4, Cdk6, p21, and/or p16 in cyclin D1 and p16 immunoprecipitates from young, senescent, and late senescent IMR90 harvested before (0 h) and/or after serum stimulation (16 h). (B) Differential association between various CKI, Cdk, and G 1 cyclins in young and late senescent HDF at 16 h after serum stimulation. Western blot analysis of seven proteins (cyclin D1, Cdk6, Cdk4, Cdk2, p27, p21, and p16) in p21, p16, Cdk4, Cdk6, cyclin D1, cyclin E, and nonspecific (P.I.) complexes immunoprecipitated from equal amounts (150 mg) of cell extracts prepared from serum-stimulated young (Y) and late senescent (LS) IMR90 fibroblasts. Except in the case of Cdk4 (75% removal) and cyclin E (60% removal), the remaining supernatants were virtually depleted for the indicated protein. Prolonged ECL exposure was necessary to detect the presence of Cdk6 in p21 and cyclin D1 immunocomplexes (S.E., short exposure; L.E., long exposure). Because the Western blots were probed sequentially with different antibodies, the arrows indicate residual Cdk2 and cyclin D1 signals that remained after their "stripping." Note that cyclin D1 binds only the inactive, unphosphorylated form of Cdk2, whereas cyclin E binds both forms of Cdk2 (parallel arrows). decline in senescent HDF as part of the same putative differentiation program that leads to an upregulation of p16 and SA-␤-Gal activity and increasing cell volume.
Since previous experiments suggested that both p21 and cyclin D1 may be involved in inactivation of PCNA (42, 54) , we sought to determine whether this could be the case in the early stage of senescence, i.e., before the rise of p16. Indeed, Western blot analysis of both p21 and cyclin D1 immunoprecipitates revealed a dramatic increase in the amount of PCNA associated with these proteins in newly senescent cells (Fig. 6B and  C) . After p21 depletion, PCNA could not be detected in cyclin D1 immunoprecipitates, suggesting that p21 is present in all PCNA-cyclin D1 complexes (Fig. 6D) . Consistent with this, the amount of PCNA immunoprecipitated with cyclin D1 and p21 is approximately equal (data not shown). If PCNA is indeed inactivated by association with p21 and cyclin D1 (42, 54) , then this event occurs to a much greater extent in senescent cells than in young cells, providing another mechanism that can contribute to the G 1 arrest in these cells. To our knowledge, this is the first report describing a physiological situation where p21-PCNA-cyclin D1 complexes accumulate.
Although both Cdk4 and Cdk2 are present in cyclin D1 and p21 immunoprecipitates, the strong PCNA accumulation correlates primarily with increased Cdk2 (Fig. 6B and C) . Cdk4 depletion experiments confirmed this interpretation (data not shown). Even though cyclin D1-Cdk2 complexes are abundant in senescent HDF, little is known about their function since they are constitutively inactive (14, 25) . Our data suggest that cyclin D1-Cdk2 may contribute to the regulation of PCNA by p21.
Concluding remarks. The bypass of senescence by p21
HDF and the death of these cells at the end of an extended lifespan imply that p21 is essential for the senescent cell cycle arrest (4). Furthermore, we have shown here that p21 is sufficient to account for the lack of cyclin E-associated kinase activity in senescent IMR90. We have also found that senescent HDF lack cyclin D1-Cdk4-mediated phosphorylation of pRb at a time that p21, but not p16, is dramatically elevated in these cells, implying that p21 may also be the critical inhibitor of cyclin D1-Cdk4 complexes in early senescent cells. Thus, p21 may be both necessary and sufficient for the initial senescent cell cycle arrest. In contrast, there are several reasons to think that p21 may not be sufficient for the long-term maintenance of the senescent arrest state. First, after senescence is achieved, p21 declines considerably to an amount that was consistent with a reversible arrest earlier in the lifespan. Second, p16 increases as p21 declines and reduces the number of targets for p21 through its inhibitory effect on cyclin D1-Cdk4/6 complex formation. Third, loss of p16 accompanied spontaneous immortalization of Li-Fraumeni fibroblasts (46) . Likewise, mouse embryo fibroblasts with a targeted disruption of the INK4A locus fail to senesce (48) , but this could result solely from 2B ). Note that the senescent cells used in this figure show no increase in p16, indicating that they were harvested at a very early senescent stage, where cyclin D1 is usually at its highest level. The combination of high cyclin D1, high p21 (to stabilize cyclin D1-Cdk complexes), and low p16 may account for the high amounts of cyclin D1-associated Cdks in the cyclin D1 immunoprecipitates.
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on June 23, 2017 by guest http://mcb.asm.org/ abrogation of the alternate reading frame protein p19 ARF , whose loss alone has the same effect (28, 48) . Thus, it remains to be determined whether loss of p16 per se will permit mouse embryo fibroblasts to escape from senescence. Finally, p16, rather than p21, is frequently mutated in immortalized human tumor cells (27) . Thus, a number of observations are consistent with the hypothesis that elevated p16 may be critical to maintain the senescent cell cycle arrest as p21 declines from its maximum at the initiation of senescence.
Because p21 and p16 have very different age-related patterns of accumulation in HDF, we propose that replicative senescence in HDF comprises two events: an increase in p21 that is driven by the "mitotic clock" and an upregulation of p16 as part of a program of differentiation that is turned on in senescent cells. First, the progressive age-dependent accumulation of p21 suggests that it occurs as a consequence of replication-related processes such as telomere shortening (23), DNA demethylation (19) , and the effects of DNA damage (8, 20) . It results in inactivation of all G 1 cyclin-Cdks, such that pRb fails to be phosphorylated, E2F transcription factors are not released, late-G 1 genes necessary for DNA synthesis are not expressed, and the cells become irreversibly arrested in G 1 phase, as suggested by a number of studies (reviewed in reference 52). In parallel, an efficient G 1 block may also be assured by inactivation of PCNA by association with p21 and cyclin D1. Second, we hypothesize that at senescence a program of differentiation is initiated that involves the accumulation of p16, as well as changes in the morphology, size, and functional attributes of the cells (1, 2, 13, 21, 31, 37, 38, 56) . The concomitant decline of p21 from its peak in early senescence could occur owing to decay of the replication-related signals that drove its increase as the cells were aging, or p21 might be downregulated as a necessary part of the putative differentiation program, as was shown recently for the terminal differentiation of primary mouse keratinocytes (11) . Consequently, in late senescent cells Cdk inactivation and the cell cycle arrest are maintained through the combined effect of p16 and p21. Thus, if p16 is indeed upregulated as an integral part of the age-induced differentiation of senescent HDF, as suggested by our model, then this process may be necessary to ensure the irreversibility of the senescent cell cycle arrest.
